, which have an important role in blood pressure regulation, and mesangial cells, which support the glomerular architecture and are thought to contribute to the development of glomerulosclerosis 12 . In addition to their involvement in the pathogenesis of renal disease, pericytes have roles in the development of various tumours and in cardiovascular disease (Box 1).
Importantly, the pericyte cell type is principally defined by its association and relationship to the vasculature rather than by molecular, developmental or functional characteristics. The accepted definition of a pericyte is a cell that contacts the endothelium and is embedded in the vascular basement membrane 13, 14 . Other cell-type definitions that overlap with that of pericytes include mural cells (periendothelial cells of the vasculature, including perivascular smooth muscle cells (vSMCs) and pericytes) and perivascular stem cells (cells with stem-like characteristics located anywhere in the vascular periphery, including adventitial cells and pericytes). Perivascular fibroblasts (mesenchymal cells that are associated with the vasculature) also occur in the kidney but do not fit the definition of pericytes because they are not embedded in the vascular basement membrane.
Ultimately, ultrastructural analysis is required for the exact identification of pericytes, and study of these cells has often been compromised by a lack of sensitive, specific and stable markers. For example, most studies of renal interstitial cells do not distinguish between pericytes and perivascular fibroblasts 15 owing to insufficient specificity of cell surface markers for these populations 13 . Commonly used pericyte markers include platelet-derived growth factor receptor-β (PDGFRβ), CD146, α-smooth muscle actin (αSMA) and chondroitin sulfate proteoglycan NG2, which is restricted to capillary and arteriolar pericytes, excluding venular pericytes 7, 13, 16, 17 ; these markers can be detected on renal pericytes (Fig. 1) . Other markers such as CD73, PDGFRα, desmin, regulator of G protein signalling 5 (RGS5) and cell surface ganglioside 3G5 have also been used to identify pericytes and subsets thereof 13, 16, 17 . The heterogeneity in pericyte marker expression likely reflects the heterogeneity in function and potential of these cells that is described above.
Angiogenesis
The formation and remodelling of new blood vessels and capillaries from the growth of existing blood vessels.
Pericytes in the renal vasculature: roles in health and disease 1, 3, 4 * Abstract | In the dense circulatory system of the kidney , as in all vascularized tissues, pericytes enwrap capillaries and microvessels to regulate angiogenesis, stabilize microvascular networks and control blood flow by vasoconstriction. Specialized renal pericytes known as mesangial cells provide physical support to glomerular capillaries, whereas a subset of juxtaglomerular arteriolar pericytes control the local blood pressure in the glomerulus via contraction and influence systemic blood pressure by secreting renin. Similar to pericytes from many other organs, cultured human renal pericytes give rise to mesenchymal stem/stromal cells, suggesting a role of perivascular cells in renal homeostasis and regeneration. On the other hand, pericytes directly contribute to renal fibrosis, and mesangial cells may have an essential role in the development of glomerulosclerosis and other nephropathies. From their early emergence in the renal embryonic rudiment to their distribution in diverse perivascular niches in the adult organ, we review the anatomy and function of pericytes in the healthy and diseased kidney. Many aspects of the ontogeny , specification and functional specialization of renal pericytes remain elusive. The development of powerful models in the easily accessible and genetically tractable zebrafish will help to uncover the multiple facets of these cells.
Elucidation of the roles of pericytes in healthy and diseased kidneys will no doubt be accelerated by advances in live cell tracing and ablation techniques, especially using cell markers specific to subtypes of the population. Models such as the zebrafish currently provide these tools in a context in which function and recovery can be imaged in real time.
In this Review, we discuss current knowledge of the embryonic development, adult tissue distribution and functional specializations of renal pericytes. We pay special attention to the distinct mechanisms by which pericytes control blood pressure and to the role of pericytes in kidney pathologies, particularly fibrosis and glomerulosclerosis. Finally, we examine how the experimental advantages offered by the zebrafish model organism can aid in answering some of our long-standing questions concerning the roles of pericytes in the renal environment.
The kidney vasculature Human kidneys constitute less than 0.5% of total body weight but receive up to 20% of the cardiac output 18 . As 99% of the fluid that is filtered at the glomerulus is subsequently reabsorbed into the bloodstream, 180 litres of filtrate (60 times the blood plasma volume) pass through the kidney every day 18 . Despite the high filtration capacity of healthy kidneys, individuals can survive, albeit poorly, with as little as 10% of normal kidney function 19 , and unilateral renal agenesis or living kidney donation have minimal adverse consequenses 20 , suggesting that redundancy exists in the renal system. This redundancy highlights both the importance -for clearance of waste products and maintenance of fluid, electrolytes and acid-base balance -and fragility of blood filtration, suggesting a system that is crucial to maintain viability but prone to damage.
Metanephric kidneys (those of mammals, reptiles and birds), whether unilobular as in mice or multilobular as in humans, are separated into four major regions: the cortex, the inner medulla and the outer and inner stripes of the outer medulla (Fig. 2a) . Nephrons -the functional units of the kidney -initiate in the cortex at the renal corpuscles, descend into the medulla and return to the cortex, where they are continuous with the collecting ducts that re-descend into the medulla and successively merge until they drain to the ureter 21 . Primary filtration of blood occurs in the glomeruli, where hydrostatic and osmotic forces pass an initial filtrate through the highly specialized glomerular filtration barrier into the Bowman space of the nephron. As the filtrate flows through the tubules that descend into the medulla, water, urea and salts are exchanged with the blood in parallel bundles of vessels (the vasa recta), resulting in a progressive increase in osmolarity. The concentration gradient is maintained by the countercurrent exchange system; the parallel and opposite flow of blood through descending and ascending vasa recta enables perfusion of the medulla while preventing wash-out of the concentration gradient 18, 22 . The resulting high osmolarity in the medulla facilitates the impressive urine-concentrating ability of the collecting ducts. In addition, the medulla is increasingly hypoxic with depth, with oxygen tensions in the region of 17 mmHg (reF.
23
) compared with 30-40 mmHg in venous blood; therefore, the medulla is uniquely susceptible to ischaemic damage.
Considerable stereotypy exists in the vascular architecture of the kidney (Fig. 2a) , and most, if not all, of the renal blood flow passes through the glomeruli 24 . Depending on their location, the efferent arterioles exiting the glomeruli either supply the peritubular capillaries of the cortex or descend into the medulla, where they supply the medullary capillaries and form the vascular bundles of the vasa recta. This complex vascular architecture generates multiple perivascular niches within the kidney, each with their own specific requirements. Pericytes of the peritubular capillaries are at the interface of solute transfer (Fig. 2b) , the nature of which differs between kidney regions. Mesangial cells provide structural support for glomerular capillary tufts, and pericytes of the juxtaglomerular arterioles regulate local blood pressure in the glomeruli, which has implications for filtration, and sense and respond to physiological blood pressure by producing the aspartyl protease enzyme renin (Fig. 2c) . Larger renal vessels harbour multiple perivascular cell types, including mural and adventitial cells (Fig. 2d) . Finally, pericytes of the vasa recta regulate blood flow into the medulla to maintain the osmotic gradient and withstand the vast physiological differences in osmolarity and hypoxia that exist along the vasa recta axis (Fig. 2e ).
Perivascular cells in renal development
During development, the kidney is principally derived from two structures in the intermediate mesoderm: the metanephric mesenchyme (MM), which is a region of the nephrogenic cord, and the ureteric bud (UB), which is an outgrowth of the mesonephric duct (also known as the Wolffian duct) 25 . The definitive kidney begins developing at embryonic day 10.5 (E10.5) in mice, and after ~5 weeks of development in humans, when the UB invades the MM 26 . The UB undergoes rounds of bifurcation (~13 in mice 27 and ~15 in humans 25, 28 ) to produce the 'tree' of collecting ducts in the adult kidney. Two populations of cells can be identified in the MM, one of which forms the nephrons (from the distal convoluted tubule to the podocytes)
Key points
• Perivascular niches in the kidney are highly heterogeneous, leading to multiple subtypes of perivascular cells with distinct functional roles.
• Although shown to arise from a forkhead box protein D1 (FoXD1) + progenitor pool, the precise embryonic origins and developmental signals that determine renal perivascular subpopulations remain undefined or ambiguous.
• Renal pericytes have key roles in homeostasis; for example, they can regulate blood pressure either directly by their contraction or indirectly by the secretion of renin by certain subpopulations.
• Renal pericytes can give rise to mesenchymal stem and/or stromal cells, which have shown promise for the treatment of acute kidney injury and chronic kidney disease.
• Renal pericytes are important in the pathogenesis of kidney disease; they are key to vascular survival, can interact with the immune system and can contribute to glomerular and interstitial fibrosis.
• Powerful molecular tools for the study of renal pericytes are beginning to emerge in the zebrafish model organism.
Mesangial cells
Specialized perivascular cells of the glomerulus that provide structural support to the capillary tuft.
Adventitial cells
Perivascular mesenchymal cells that are located in the tunica adventitia layer of large arteries and veins and can give rise to mesenchymal stem/ stromal cells in culture.
Molecularly defined as
Vasa recta
Bundles of parallel ascending and descending vessels that run from the cortex to the inner medulla of the kidney and form a countercurrent exchange system for water and solutes.
Ureteric bud (UB). An outgrowth of the mesonephric (or Wolffian) duct that invades the metanephric mesenchyme and undergoes subsequent rounds of branching to give rise to the collecting ducts of the kidney and to the ureter.
and the other forms the renal stromal interstitial cells, including the pericytes, perivascular fibroblasts, vSMCs and mesangial cells 29, 30 . The nephrogenic cell population, known as the cap mesenchyme, expresses homeobox protein SIX2 and Cbp/p300-interacting transactivator 1 (CITED1), and condenses around the branching tips of the UB 29 . The stromal fraction expresses the transcription factor forkhead box protein D1 (FOXD1) and surrounds the SIX2 + population 30 . The origin of endothelial cells in the kidney is a contentious issue that is explored further below. The processes of UB branching and nephron induction have been extensively reviewed elsewhere 25 .
Stroma. Genetic fate tracing using FoxD1-GC;R26R mice showed that the majority of the renal interstitial cells in the adult (at least 90%) were derived from a FOXD1 + cell lineage 31 . Evidence suggests that the initial population of FOXD1 + cells that condenses in the MM replicates to maintain the population 30 , but extrarenal sources of kidney stroma have also been identified. For example, T-box transcription factor TBX18 + mesenchyme residing between the metanephros and the mesonephric duct gives rise to a subset of the renal stroma on the medial side of the organ 32 . Although this subset of the stroma does not initially express FOXD1, expression of FOXD1 is upregulated by at least E18.5. In addition, fate tracing of the neural crest marker P0 suggested an extrarenal contribution to renal stroma in later development 33 , and non-genetic fate tracing in chick embryos suggested that some FOXD1 + stroma derives from the paraxial mesoderm 34 . A substantial contribution of extrarenal FOXD1 + cells to the fetal stromal population is consistent with the finding that following pulse labelling and fate tracing of renal cells that were FOXD1 + at E10.5, only ~20% of PDGFRβ + mesenchymal cells were labelled in the adult kidney 31 . In addition, the existence of a FOXD1 38 . Such an approach could also reveal the specific lineage relationships that lead to the multiple renal perivascular subtypes. A FOXD1 − stromal population could have implications for nephrogenesis as decorin, a proteoglycan that is inhibited by FOXD1, has been shown to promote nephron progenitor self-renewal over differentiation 39 . Whether kidney development or the phenotype of adult interstitial cells are influenced by the developmental origin of stromal progenitors remains to be explored.
The interstitial stroma can influence kidney development by promoting nephron differentiation and maintaining correct spatial patterning, as exemplified in FOXD1
+ cell-ablation models that showed an increase in undifferentiated nephron progenitors and a disorganized interior structure 36, 37 . In these models, the kidneys are small and fused together or mislocated in the fetus 36, 37 .
FoxD1
−/− mice have a similar phenotype 40 , suggesting that the stroma exerts its effects through molecular signals rather than through its physical presence. Developing nephron progenitors must maintain the correct balance between proliferation and differentiation 25 . Interestingly, these opposing transcriptional programmes are both induced by Wnt9b signalling 41 , with the direction they take being dictated by signals from the stroma. The nuclear factor Sal-like protein 1 (SALL1) induces expression of protocadherin Fat 4 (FAT4) on cortical stromal cells 42 , which in turn induces the differentiation programme in cap mesenchyme nephron progenitors via its ligand proteins dachsous 1 and 2 (reF.
43
). FAT4 was initially thought to act by excluding yesassociated protein (YAP), a transcriptional regulator of the Hippo pathway, from the nucleus 36 , but this hypothesis was disproved by work showing that the Fat4 −/− mutant phenotype was not rescued by an additional conditional YAP knockout (Six2-Cre;Yap flox/flox ) in the cap mesenchyme 43, 44 . Therefore, the mechanism remains unestablished. The stroma also expresses β-catenin, which acts on UB cells to increase their release of Wnt9b 45 , and extension of the developing loop of Henle coincides with the mass apoptosis of a subpopulation of medullary stromal cells 46 . The signals that cause the differentiation of stromal precursors into perivascular interstitial cell types, from pericytes of the peritubular capillaries and veins, through the vSMCs of the arterioles, to the mesangial cells of the glomeruli, are not well known. Mesangial cell differentiation has long been established to require platelet-derived growth factor subunit B (PDGFB)-PDGFRβ signalling, as mutations in either PDGFB or PDGFRB impair differentiation of precursor cells despite their recruitment to
Box 1 | Pericyte-specific diseases
To date, few pericyte-specific diseases have been identified. Soft tissue tumours such as perivascular epithelioid cell tumours, glomus tumours, myopericytomas, angioleiomyomas and benign or malignant haemangiopericytomas are derived from vascular smooth muscle cells or bona fide pericytes 195 . The rare renal reninoma 196 is also likely to emerge from tumoural pericytes owing to the pericyte identity of reninproducing cells. Pericytes also have essential and contradictory roles in the growth and dissemination of other types of tumours. They act as gatekeepers that limit metastasis in primary cancers 197, 198 but guide the extravascular migration of malignant melanomas 199 . In addition to tumoural diseases, pericytes are thought to be directly involved in some pathologies of the cardiovascular system. For example, capillary pericytes mediate coronary no-reflow after cardiac infarction 200 . Pericytes can also differentiate into myofibroblasts, which contribute to fibrosis in the heart, kidney and other organs and have multiple roles in tissue homeostasis, such as controlling vessel permeability, blood flow and angiogenesis.
Cap mesenchyme
Metanephric mesenchyme that condenses around the tip of the ureteric bud during kidney development and gives rise to cells of the nephron. The cap mesenchyme is characterized by expression of Six2 and Cbp/p300-interacting transactivator 1 (CiTeD1).
the renal vesicle 47 . Notch (neurogenic locus notch homologue protein) signalling also has a role in mesangial cell recruitment as evidenced by the finding that specific homozygous deletion of recombining binding protein suppressor of hairless (RBPJ), a transcriptional effector of Notch signalling, in the FOXD1 lineage led to loss of mesangial cell recruitment 48 . Endothelial cells were still recruited in the RBPJ −/− mice, albeit with abnormal morphology. A similar phenotype was seen for a homozygous NOTCH2 hypomorphic mutation in a study that also reported evidence that protein jagged 1 could be the recruiting Notch ligand expressed by podocytes 49 . PDGFRβ is moderately expressed on most renal stroma but is upregulated in stromal cells close to the developing glomerulus, which are the cells that are most likely to give rise to mesangial cells 47 . This finding suggests an appealing model whereby undefined stromal progenitors are activated by contact-dependent Notch signals from the developing renal vesicle, inducing PDGFRβ expression that drives their recruitment and differentiation into mesangial cells.
The kidney harbours a niche of cells of the renin lineage, which is manifest from E14 in mice and persists into adulthood, being constantly replenished by de novo differentiation 50 . Mutations in the renin-angiotensin system (RAS) have been implicated in kidney vascular development, and renin expression precedes the expression of mural cell markers such as αSMA 51 . Cells that express renin in early development can be traced to a patchwork of cells throughout the arterioles and mesangium, including juxtaglomerular cells 52 . Deletion of Dicer in renin-expressing cells causes defects in vSMC patterning with severe consequences for whole-organ patterning 53 , suggesting that microRNAs have an important role in mural cell differentiation. The exact phenotype adopted by a stromal progenitor in the kidney interstitium is likely determined by a variety of signals from cells of the nephron, collecting ducts, endothelial cells and other stromal cells.
The developmental origin of renin-producing juxtaglomerular cells has now been identified. Microarray studies using fluorescence-activated cell sorting (FACS)-purified renin-expressing cells from newborn and adult mice revealed the co-expression of renin and genes such as Rgs5 and Rgs2, which established the potential relationship between renin-expressing cells and pericytes 54 . Subsequently, immunohistochemical detection of renin in the prenatal and postnatal mouse kidney identified renin-producing cells as pericytes on the basis of their morphology and anatomical distribution 55 . Sequeira-Lopez and colleagues demonstrated that renin-expressing cells and pericytes are derived from common FOXD1 + precursor cells 52, 56, 57 , and studies using human fetal renal pericytes showed that renin was co-expressed with the pericyte markers CD146 and NG2 (reF.
11 ). Following the isolation of fetal renal pericytes by FACS and subsequent culture, a subpopulation of pericytes was observed to markedly upregulate renin expression in response to cAMP-inducing signals, which resulted in the appearance of renin storage granules and the secretion of functional renin into the culture supernatant. Early-passage pericytes displayed the greatest potential for renin induction; renin mRNA expression declined dramatically beyond passage 2, and secreted renin was no longer detectable at passage 4 (reF.
).
Interestingly, pericytes isolated from some human nonrenal tissues such as the placenta also expressed renin in an inducible manner, suggesting a role for pericytes in establishing the RAS in diverse organs 11 .
Vasculature. As stromal development is likely inextricable from vascular development, this subject also deserves attention. Early work sought to determine whether the vasculature arose via a vasculogenic or angiogenic process [58] [59] [60] [61] . The consensus is that both processes have a role, with vasculogenesis active in early development and angiogenesis contributing to the lengthening of vessels at a later stage [62] [63] [64] . A contribution of vasculogenesis was inferred from grafting experiments in which embryonic kidney rudiments from E11-12 mice were transplanted either into the anterior eye chamber of adult rats or mice or under the kidney capsule of newborn mice [58] [59] [60] [61] 65 . These studies showed that developing endothelial vessels in the grafts were predominantly Renin-angiotensin system (rAS). A hormonal system of blood pressure regulation. in response to low blood pressure, juxtaglomerular pericytes secrete renin, which converts circulating angiotensinogen to angiotensin i, leading to a cascade that ultimately increases blood pressure.
Vasculogenesis
The de novo formation of new blood vessels via the differentiation of endothelial progenitor cells.
derived from the donor tissue rather than from the host. However, the involvement of vasculogenesis was challenged by the findings of a study that imaged blood vessels in 3D whole-mount kidneys at various developmental stages 66 . All of the detected vessels were attached to the pre-existing network, suggesting that they were derived angiogenically and had not formed de novo. In addition, endothelial vessels were detected in the kidney rudiment at E11, suggesting that such vessels could be the source (via angiogenic processes) of the supposedly vasculogenic vessels observed following grafting experiments [58] [59] [60] . The researchers acknowledge the possibility that a low level of vasculogenesis may occur during kidney development. However, if this is the case, current evidence suggests that vasculogenesis has a role only in the development of peritubular capillaries. A small subset of FOXD1 + stromal cells express endothelial cell markers such as vascular endothelial growth factor receptor 2 (VEGFR2), CD31 and CD146, and fate mapping of FOXD1 + cells revealed some endothelial staining of peritubular capillaries, but not of large vessels or glomeruli 67 . This finding suggests that vasculogenesis of peritubular capillaries via differentiation from the stromal population occurs at a low level.
Endothelial cells of the developing kidney show heterogeneity for multiple markers, including VEGFR2, CD146, CD34, tyrosine-protein kinase receptor Tie1 and CD31 (reFS [68] [69] [70] ), and an endogenous kidney endothelial progenitor has long been sought. VEGFR2 has often been used as an early marker of endothelial cells 71, 72 , but a study in which E11.5 MM was dissociated, cell sorted and reaggregated showed that CD146 + CD31 − cells are sufficient to revascularize the kidney 68 . Interestingly, the majority of the CD146 + CD31
− cells were of the FOXD1 lineage, and CD146 − FOXD1 + stroma was not sufficient for revascularization. This finding suggests that if the FOXD1 lineage does have vasculogenic potential, the cells involved are already committed before E11.5.
The patterning of the vasculature is likely to be closely linked to the patterning of perivascular cells. Podocyte precursors in the developing Bowman capsule express high levels of VEGFA and angiogenin 1 (ANG1) that attract invading angiogenic vessels to form the glomerulus 49, 73 . The process of patterning of the capillary plexus is intrinsically linked to bifurcation events of the UB epithelium 66 . Vessels that express CD31, VEGFR2 and stem cell protein SCL (also known as TAL1) lie across the bifurcation points of the UB and sprout outwards from these points as the UB branches 66 . Interestingly, this anatomical location was previously implicated as a site of crosstalk between the stroma and the UB: the kidney stroma produces retinoic acid 74 , which acts on retinoic acid receptor-α (RARα) on the UB to promote branching morphogenesis 75 . However, the bifurcation point is the only location of direct contact between the cortical stroma and the UB. Here, extracellular matrix protein 1 (ECM1) expression on stromal cells downregulates proto-oncogene tyrosine-protein kinase receptor Ret in the UB, which in turn promotes branching morphogenesis 76 . Further elucidation of the mechanisms that govern cell behaviour at this site of confluence between the four major tissue types (ureteric epithelium, nephrogenic epithelium, stroma and endothelium) of the developing kidney will likely be key to a full understanding of branching morphogenesis.
Other factors that affect endothelial patterning likely include the presence of inhibitory signals in the SIX2 + cap mesenchyme where vessels are never observed 66 . The nature of these signals is unknown 77 . Renin-expressing cells cluster at points of arteriole branching 78 , indicating a role of these cells in the patterning process. Vasa recta vessels are derived from efferent arterioles, and mutations in type 1 angiotensin II receptor (AT1; also known as AGTR1) or pharmacological inhibition of AT1 has been shown to cause developmental defects in the vasa recta 79, 80 , as has a dual mutation in SOX17-SOX18 (reF.
Elucidating the details of vascular patterning and specification of endothelial precursors in the heterogeneous renal vasculature will likely be invaluable for developing therapies to improve perfusion in adult kidney disease, the current holy grail of renal therapies. Accurately mapping the origin of renal interstitial cells is important as it could have implications both in the developmental trajectory and on adult cell phenotype. As evidence begins to emerge of functionally distinct cell subsets within the renal interstitium 3, 11 , knowledge of the origins of the renal stroma and of the signals that influence its development will be paramount to designing new tools for study and strategies for therapy.
Blood pressure regulation by pericytes After blood filtration, regulation of blood pressure is arguably the second most important function of the kidney. Moreover, the kidney is highly susceptible to damage resulting from hypertension. Pericytes are intricately involved in the renal blood pressure regulation mechanism, and two anatomically distinct populations mediate this regulation. First, the specialized population of juxtaglomerular pericytes that reside around the afferent arteriole proximal to the glomerulus mediate regulation of renal blood pressure. As mentioned above, these cells have the ability to synthesize, store and secrete renin, which initiates a proteolytic cascade resulting in the generation of the potent vasoconstrictor peptide angiotensin II (AngII), which acts via angiotensin receptors to evoke a combination of physiological responses 82 . These include the secretion of aldosterone from the adrenal gland, which stimulates the retention of sodium in the kidney, potentially leading indirectly to a rise in blood pressure, and vascular contraction resulting directly in an increase in blood pressure 82 . Second, renal pericytes contribute to the regulation of blood pressure through their role in controlling medullary blood flow by contraction, which regulates flow through the vasa recta and therefore has physiological consequences for salt and water balance. Tight control of medullary blood flow is necessary to maintain the concentration gradients of the solutes (Na and urea) that are required for normal kidney function as well as to deliver oxygen and nutrients to renal cells and clear metabolic waste products 1, 83, 84 . Pericytes are functionally regulated by factors including ATP and AngII, which exert vasoconstrictor effects 85, 86 , and by nitric oxide (NO) and prostaglandins, which are vasodilators 87, 88 . These factors are derived from extrarenal sources such as the systemic circulation (AngII) and the sympathetic nervous system (ATP) as well as from renal cells (NO and prostaglandins) [85] [86] [87] [88] . Complex interactions among multiple factors regulate renal blood flow and filtration; for example, AngII-induced vasoconstriction of the descending vasa recta (DVR) is buffered by the production of NO from adjacent medullary thick ascending limbs and possibly other parts of the surrounding tubules 87 . A comprehensive series of studies showed that AngII constricts the DVR through Ca 2+ signalling in pericytes 89 and that pericytes directly communicate with each other and form syncytia with endothelial cells 90 . The AngII-dependent responses of the DVR endothelia may occur via gap junction coupling to pericytes rather than via direct receptor-dependent signalling in the endothelium 90 . DVR vessels in the centre of vascular bundles go deeper into the medulla than those on the periphery; therefore, differential constriction of central and peripheral vessels will alter blood flow distribution between the outer and inner medulla, with implications for kidney filtration 18 . Thus, heterogeneous populations of pericytes that respond differently to systemic cues must exist within the DVR niche.
The multilevel links between the RAS and pericyte function are also evident from studies of animal models of hypertension. For example, in the spontaneously hypertensive rat, blockage of the RAS resulted in a reduction in renal pericyte numbers and a concomitant decrease in blood pressure 91 . Pericytes can therefore contribute to blood pressure regulation via multiple pathways, including endocrine networks and through their contractile functions depending on their anatomical location and specialization.
Renal pericytes as native MSCs
Mesenchymal stem/stromal cells (MSCs) exhibit multiple tissue-regenerative properties, either directly as progenitor cells or indirectly as secretors of trophic factors. Although bone marrow was first used and is still commonly used for their isolation, MSCs have now been extracted from virtually all vascularized tissues, including fetal organs and appendages, dental pulp, joints, pancreas, corneal limbal cells, lung, skeletal muscle, fat and kidney 92 . Early attempts to uncover the identity of innate MSCs indicated phenotypic similarities with pericytes [93] [94] [95] . Moreover, pericytes purified by FACS from diverse human organs and cultured for several passages were indistinguishable from conventional, bonemarrow-derived MSCs (BM-MSCs) in terms of their morphology, proliferation kinetics, surface antigen expression and differentiation potential in vitro and in vivo 7 . In addition, the CD44, CD73, CD90 and CD105 canonical MSC marker combination was detected on pericytes in situ 7 , further supporting a direct affiliation of MSCs to pericytes. Stefanska and collaborators purified pericytes to homogeneity from human fetal kidney using FACS on the basis of expression of CD146 and absence of CD34, CD31 and CD45 (reF.
11
). When seeded in culture, these renal pericytes looked and behaved like bona fide MSCs, exhibiting osteogenic, chondrogenic and adipogenic potentials and expressing MSC markers 11 . Importantly, a subset of the renal pericytes retained the ability to synthesize and secrete functional renin once established as MSCs in vitro 11 . These results demonstrate that renal pericytes, similar to those present in all other organs tested thus far, include presumptive MSCs. The paradigm of the association of innate MSCs with blood vessel walls has been extended to larger arteries and veins in which the outermost tunica adventitia also contains a population of presumptive MSCs typified by expression of CD34 (reF.
96
).
The finding that pericytes are in vivo precursors of MSCs 7 suggests that improved understanding of the peri -cyte response to disease will lead to the discovery of beneficial interventions following kidney injury. Autologous or allogeneic MSCs derived from bone marrow, adipose tissue or umbilical cord exhibit therapeutic potential in the diseased kidney [97] [98] [99] [100] [101] [102] [103] . For example, intravenously injected human umbilical-cord-derived MSCs reversed cisplatin-induced acute kidney injury (AKI) in rats 104 . In comparison to human BM-MSCs, human kidney-derived MSCs showed similar immunomodulatory properties but induced faster closure in tubular scratch assays and showed increased ability to integrate into neonatal mouse kidneys 105 . Furthermore, when administered either intravenously or subcapsularly in a model of glycerineinduced rhabdomyolysis, renal MSCs reduced the severity of AKI assessed using blood urea nitrogen levels 105 . Acute kidney injury (AKi). An abrupt loss of kidney function in response to a pathological stimulus. AKi is clinically defined as an increase in serum creatinine and/or blood urea nitrogen levels and is characterized by tubular death. Although typically short term and reversible, AKi may predispose to chronic kidney disease. Fig. 2 | Perivascular niches in the kidney. a | Anatomy of the renal vasculature. Large arteries located along the border of the cortex and the outer stripe branch into radial arteries that feed the glomeruli and subsequently branch into the peritubular capillary network. Efferent arterioles from the juxtamedullary glomeruli feed the medullary blood flow , branching into the descending vasa recta (DVR) at the frontier of the inner stripe. The DVR feed a dense capillary network in the inner stripe, which is drained by veins that are not associated with the vascular bundles. The sparser capillary network of the inner medulla is drained by the ascending vasa recta (AVR), which lead into the large veins that are located on the border of the cortex and the outer stripe. Broadly , four distinct niches for perivascular cells exist: the peritubular capillaries, the glomeruli and juxtaglomerular apparatus, the large vessels and the vascular bundles containing the vasa recta. 101, 102 .
Perivascular cells in renal ageing
The human kidney parenchyma increases in mass until middle age and subsequently declines 112, 113 . The number of functioning nephrons also negatively correlates with age 114 , and no new nephrons are generated throughout life 115 . In healthy individuals, a steady decline in glomerular filtration rate occurs with age 116, 117 , and aged kidneys are more susceptible to AKI and to the development of CKD following AKI than younger kidneys [118] [119] [120] [121] [122] . Although a decrease in renal vascular density with age is well documented [123] [124] [125] , the consequences for pericytes are less well studied. Stefanska et al. showed that the number of pericytes (defined as NG2 + PDGFRβ + cells) was lower in the cortex and medulla of aged versus young-adult C57BL/6 mice and that capillary dilatation in aged mice correlated with loss of pericyte coverage 126 . As loss of pericyte coverage per se has been shown to cause AKI and rapid mortality 35 , age-linked loss of pericytes likely contributes to declining kidney function.
Pericytes in renal disease
Conditions that affect the kidney act either primarily or via secondary effects through damage to the vasculature. The aetiology of kidney disease often involves ischaemia, hypertension, drug toxicity, autoimmunity or obstruction, either in isolation or in combination. These aetiologies can have acute or chronic manifestations. Despite these diverse causes, the resultant kidney pathology is often similar, including inflammation, tubular cell death, expansion of the interstitium, interstitial fibrosis, vessel rarefaction and glomerulosclerosis. Lack of perfusion and inefficiency of solute transfer caused by these changes reduce the filtration capacity of the kidney 127 . In addition, damaged glomeruli lead to unwanted loss of macromolecules into the urine and could restrict blood supply to the entire organ 128 . The glomerular capillaries work at high hydrostatic pressures and therefore are particularly susceptible to hypertension-induced damage 18, 129, 130 . The tubular epithelium has a robust regeneration capacity following limited acute damage 131 , suggesting that changes in the vasculature and interstitium are responsible for the failure of kidneys to fully recover following injury.
Fibrosis. The kidneys can be injured by myriad diseases that often lead to glomerular or interstitial fibrosis. The severity of interstitial fibrosis evident in a renal biopsy sample is a strong predictor of long-term functional outcome and progression to end-stage renal disease 132, 133 . Therefore, the aim of much of the current research is to identify an anti-fibrotic therapy that will ameliorate the fibrotic response following injury [134] [135] [136] . In particular, considerable efforts have been made to identify the key cells and mediators that are responsible for the proliferation and expansion of the αSMA + myofibroblast population that generates and deposits the extracellular matrix that constitutes renal scarring. Such insights may lead to novel therapies. A number of cell types have been suggested to have a role in interstitial renal fibrosis, including tubular epithelial cells, endothelial cells, circulating fibrocytes and BM-MSCs [137] [138] [139] . Early studies in a rat model of renal injury induced by habu venom and AngII suggested an involvement of perivascular cells but not of tubular epithelial cells in the evolution of interstitial fibrosis; however, a role of circulating fibrocytes could not be excluded 140 . The advent of incisive methodologies to perform lineage tracing of cells provided opportunities to carefully dissect the cellular origin of interstitial αSMA + myofibroblasts. In a seminal study, Humphreys et al. induced unilateral ureteric obstruction (UUO) and ischaemia-reperfusion injury (IRI) in reporter mice with cell-lineage-restricted Cre recombinase expression to explore the role of tubular epithelial cells and interstitial stromal cells in the generation of αSMA + myofibroblasts 31 . They found no evidence to support a tubular epithelial origin of these myofibroblasts, the majority of which were generated by FOXD1 + stromal cells. Furthermore, the precursor FOXD1 + stromal cell population that led to an expansion of αSMA + myofibroblasts expressed the pericyte markers PDGFRβ and CD73. These findings strongly suggest that interstitial pericytes or perivascular fibroblasts contain an important precursor population for αSMA + myofibroblasts.
Further studies reported that expression of the zinc-finger transcription factor GLI1 by a small population of interstitial PDGFRβ + perivascular cells identified a population of MSC-like cells that expanded markedly following injury and made a dramatic contribution to renal fibrosis 3 . Genetic depletion of GLI1 + cells using inducible expression of the human diphtheria toxin receptor followed by diphtheria toxin administration ameliorated fibrosis in the UUO model 3 . By contrast, depletion of GLI1 + cells in healthy murine kidneys resulted in transient subclinical tubular epithelial injury and renal capillary damage as well as rarefaction with subsequent hypoxia, indicating an important role of GLI1 + cells in renal microvascular homeostasis 141 . More extensive depletion of pericytes leads to acute endothelial and tubular epithelial injury, demonstrating the importance of this cell type in normal kidney function 35 . In contrast to the studies described above, LeBleu et al. reported that pericytes probably do not have a major role in the development of renal fibrosis 139 . They observed no statistically significant reduction in UUO-induced kidney fibrosis in mice with partial genetic ablation of pericytes (NG2 + or PDGFRβ + cells) compared with wildtype littermates. However, this result could be interpreted to reflect the potential recruitment of alternative sources 
Myofibroblast
Scar-forming cell present in the glomeruli or interstitium of injured kidney that are characterized by the expression of α-smooth muscle actin.
of pro-fibrotic cells when pericytes are absent or reduced in number. In the same study, cell lineage mapping confirmed that only a minority of αSMA + myofibroblasts in the injured kidney derive from NG2 + pericytes 139 , with the caveat that NG2 is not a pan-pericyte marker as it is not expressed in venules. These data are not easily reconciled with numerous demonstrations of the pro-fibrotic potential of pericytes and stress the fact that depending on variables such as age, gender and type of tissue injury, non-pericyte cells might contribute to scarring, among which adventitial cells stand out as strong candidates 3, 95, 105 . Adventitial cells have been implicated as a possible source of fibrosis-producing cells in both hypertensive and inflammatory renal disease 140, 142 . Consistent with this hypothesis, fibrotic accumulations can be seen around large vessels and extending from vascular bundles following ischaemic kidney injury 143 (Fig. 3 ). Adventitial cells have been shown to be developmentally more primitive than pericytes, as assessed by single-cell transcriptome determination and analysis 144 , and to contribute via differentiation into vSMCs and osteoblasts to both atheroma formation and arteriosclerosis in ischaemia-driven CKD 103 . The role of adventitial cells in kidney disease and other settings is likely to gain increasing prominence in the future as the field develops.
Although current evidence does not support a major role for epithelial-mesenchymal transition in renal fibrosis 31 , there is no doubt that tubular epithelial cells can generate profibrogenic signals that act upon interstitial pericytes. For example, Hedgehog ligands are expressed by tubular epithelial cells, whereas pericytes express the Hedgehog receptor patched 1 (PTCH1) and the downstream Hedgehog pathway effectors GLI1 and GLI2 (reF. 145 ). During UUO, expression of Indian hedgehog protein, PTCH1, GLI1, GLI2 and GLI3 is increased 145 . Tubule cells may also express Wnt ligands, such as proto-oncogene Wnt1, that activate the Wnt-β-catenin pathway in pericytes and drive their transition to myofibroblasts 146, 147 . Transcriptional pathway analysis of medullary pericytes and myofibroblasts from healthy and injured kidneys identified downregulation of genes involved in cell-to-cell connections and upregulation of genes associated with cell migration and proliferation during fibrosis 148 . The involvement of pericytes in fibrosis following AKI has a detrimental impact on the microvasculature as pericyte detachment from endothelial cells leads to loss of capillaries and resultant hypoxia that can exacerbate the interstitial fibrosis and tubular atrophy that promote progression to CKD 149 . A number of studies have demonstrated that scope exists for interventions to prevent pericyte-endothelial detachment and subsequent activation to a myofibroblast phenotype. For example, direct targeting of pericyte PDGFRβ signalling using circulating soluble PDGFRβ inhibited capillary rarefaction and fibrosis in UUO and IRI murine models of kidney fibrosis 150 . In addition, treatment of mice with an antibody that blocked the function of PDGFRβ or with the clinically licensed tyrosine kinase inhibitor imatinib, which inhibits the PDGFR pathway, is protective and limits both renal inflammation and fibrosis in UUO and renal IRI 151 . In the murine UUO model, miR-132 was markedly upregulated during the transition of pericytes to myofibroblasts, and silencing of this microRNA using antagomir-132 led to a reduction in myofibroblast proliferation, collagen deposition and several signalling pathways involved in renal fibrosis 152 .
Inflammation. In addition to contributing to the myofibroblast population, pericytes have an active role in the amplification of kidney inflammation and leukocyte recruitment through the activation of Toll-like receptor (TLR) pathways and the inflammasome 153 , as well as the generation of components of the complement pathway 154 . Thus, anti-inflammatory strategies targeting TLR pathways and cytokines might also exert beneficial effects on renal pericytes.
Glomerulosclerosis. Mesangial cells provide important support functions for the glomerular capillary network. Single-cell transcriptomic analysis of mesangial cells has identified the expression of hundreds of genes that are associated with endothelial cell biology, suggesting that the support of endothelial cells is a key role of mesangial cells 155 . Antibody-mediated induction of mesangial cell death (mesangiolysis) has been used to study the glomerular response to injury and the source of mesangial cell precursors that repopulate the glomerulus in rodent models. In the rat, injection of an antibody against Thy1 membrane glycoprotein (THY1) eliminates >95% of glomerular mesangial cells, but the numbers of these cells are subsequently completely restored over a few days 156 . Seminal studies that used 3 H-thymidine labelling demonstrated that mesangial cell precursors in the juxtaglomerular apparatus and glomerular hilus migrate and proliferate to restore the mesangium to normality 156 . A subsequent study in a murine model of mesangial cell injury used enhanced green fluorescence protein renin reporter mice to demonstrate that extraglomerular renin-expressing cells reconstitute the mesangium 157 . These cells become renin − and PDGFRβ + , thereby recapitulating glomerular development.
An extensive body of work in experimental models of glomerular injury indicates that mesangial cells have a key role in the evolution of glomerulosclerosis. In the rat model of THY1.1 glomerulonephritis, a single dose of anti-THY1.1 antibody induces lysis of mesangial cells and formation of glomerular capillary micro aneurysms, which is followed by mesangial cell proliferation, activation (indicated by expression of αSMA) and matrix deposition 12 . Mesangial hypercellularity may resolve owing to apoptosis following a single dose of anti-THY1.1 antibody 158 but can persist with resultant glomerulosclerosis in response to multiple doses of anti-THY1 antibody or uninephrectomy 159 . In IgA nephropathy (the most common form of glomerulonephritis), glomerular IgA deposition and macrophage infiltration lead to mesangial cell proliferation, αSMA expression and extracellular matrix deposition 160 . Indeed, mesangial cellularity and segmental sclerosis are key components of the Oxford classification of IgA nephropathy that was devised to predict disease outcome in patients 161 . The role of the mesangial cells in this context is similar to that of interstitial pericytes in renal fibrosis.
Zebrafish in renal pericyte research
Mammalian studies of renal perivascular cells are increasingly being complemented by research in zebrafish, which have become an established model for the study of kidney physiology owing to their unique experimental capabilities. Although the adult zebrafish kidney has notable differences compared with mammalian kidneys, such as the lack of a highly structured metanephros or loop of Henle, many anatomical and physiological aspects of the nephron are highly conserved 162, 163 . The genetic tractability of zebrafish facilitates both forward and reverse genetic approaches and the creation of transgenic animals, particularly those with fluorescently labelled cells. Real-time in vivo imaging of translucent larvae provides the ability to answer questions about renal mural cells that are not technically feasible in other models. Unlike mammals, zebrafish are capable of substantial kidney regenera tion and de novo nephron formation [164] [165] [166] , suggesting that their study provides unique insights into kidney repair.
The earliest mural cells identified in larval zebrafish are associated with the pronephric kidney 167, 168 . Zebrafish mural cells express the canonical markers Ng2, Pdgfrβ and smooth muscle protein 22α (Sm22α; also known as transgelin (Tagln)), which are first detectable at ~72 hours postfertilization (hpf) 168, 169 . Similar to most mature mammalian pericytes, expression of αSma is acquired at a later stage, from ~96 hpf (reF.
170
). The early mural cell population of zebrafish is located on the ventral surface of the dorsal aorta and on the anterior mesenteric artery (AMA), which directly drains the glomerular arterioles 168, 169 . A subset of mural cells at the AMA express renin 167, 171 . Consistent with findings in mammals, renin-expressing cells are one of the first mural cell populations in zebrafish to appear at the renal vascular niche, as early as 24 hpf. These early perivascular cells are present well before the occurrence of glomerular vascularization and angiogenesis of the AMA at 40 hpf (reFS [172] [173] [174] ). When angiogenesis was inhibi ted using the Vegf inhibitor axitinib, renin-expressing cells were observed at the angiogenic sprout tip of the AMA 167 , suggesting that, as reported in mammalian models, these mural cells have a role in vascular patterning and development. This study also showed that reninexpressing cells do not derive from endothelial cells, but in vivo renin expression requires an intact endothelium. As in the mammalian kidney, Notch signalling is essential for renin cell specification in zebrafish 167 . The adult kidney of zebrafish is a mesonephros that continually undergoes neonephrogenesis 166 . Although this characteristic offers excellent advantages for assessing the role of renal pericytes in development and regeneration, the responses of a regenerative kidney to chronic insults and ageing may differ from those of the mammalian organ. As is characteristic of the mammalian kidney, mural cell monolayers are widespread throughout the fish renal vasculature. The endothelium of pre-glomerular arteries and afferent and efferent arterioles is enveloped by distinct populations of vSMCs that express αSma and Pdgfrβ (reF.
175
). An epithelioid subset of renal mural cells express renin granules (Fig. 4) and upregulate renin transcription in response to gentamicin-induced renal injury 175 . This finding demonstrates the utility of zebrafish for modelling the response of renal mural cells to nephrotoxic agents.
Techniques for inducible ablation of mural cells in zebrafish have now been optimized and will pave the way to lineage tracing studies and assessment of the role of these cells in kidney injury and regeneration. The nitroreductase (NTr) system has been successfully used in adult and larval zebrafish to ablate a variety of other cell types at user-defined time points, including pancreatic β-cells 176 and podocytes 165, 177 . However, this system is often affected by prodrug (typically metronidazole) toxicity and is slow to act, generally requiring 24-48 h to induce apoptosis. To overcome these limitations of the NTR system, the cytotoxic membrane-bound fluorophore mem-Killerred 178, 179 has been used in combination with selective-plane illumination microscopy (SPIM) to optically ablate renin-expressing cells in larval fish 180 . This technology rapidly induces cell-specific apoptosis in vivo within 1 h. Furthermore, use of the SPIM system in combination with a Bessel beam enabled the ablation of specific subsets of renin-expressing cells 180 . The lack of any observable impact on the structural integrity of the surrounding endothelium is a testament to the specificity of this cell-ablation system.
The ability to rapidly ablate renal mural cells is important when assessing rapidly developing larval fish. The pronephros is fully developed and functional at approximately 4 days postfertilization (dpf). Although selective filtration begins at ~3 dpf, the glomerular filtration barrier does not look fully mature until 4 dpf (reFS 172, 181, 182 ).
As renal structures are located fairly deep (>200 nm) within the body of larval zebrafish, in vivo imaging capabilities become increasingly limited beyond 5 dpf. Therefore, a short time period exists in which cells can be imaged or tracked. As optical access is a pre requisite for mem-KillerRed-induced optoablation of renal cells, this method is limited to larval fish and the NTR system remains the standard method for cell ablation in adults. In the future, the use of retroperitoneal surgical windows, as developed for rodent models 183 , might enable intravital kidney cell optoablation in intact adult fish.
Excised adult zebrafish kidneys can be mounted and imaged to sufficient resolution to enable visualization of
Nitroreductase (NTR) system
A cell-ablation technique in which bacterial nitroreductase enzyme is transgenically expressed in cells of interest, thus sensitizing them to metronidazole.
mem-KillerRed
A membrane-bound protein that when excited by 520-590 nm light produces reactive oxygen species that are toxic to the cell. This protein can be genetically targeted to cells of interest for user-defined spatial and temporal cell ablation in light-accessible tissue.
Bessel beam
A specialized form of laser beam formed either by passing a beam through an axicon lens or by reflecting it off a spatial light modulator. Bessel beams are resistant to scattering and diffraction and therefore can penetrate further into tissue than other types of laser beams.
single renal cells 175 (Fig. 4) . This technique will enable the use of multicolour Cre-lox cell tracking technologies [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] to assess the role of mural cells in health and disease. Techniques to induce AKI in zebrafish are currently limited to pharmacological injury using gentamicin or use of the pod:NTR transgenic model of inducible podocyte injury 166, 167 . New more-refined zebrafish models of renal injury are required 187 to overcome the limitations of these existing models. The increasingly apparent conservation of the properties of renal mural cells in mammals and fish together with rapid advances in transgenic technologies for cell ablation and cell lineage tracing are anticipated to lead to an increase in the use of zebrafish in kidney pericyte research.
Conclusions
Pericytes are ubiquitous cells that mediate basic functions related to angiogenesis, physical stabilization of the microvasculature and blood flow regulation in the kidney and other organs. In addition, specialized subsets of renal pericytes support the glomerular architecture (mesangial cells) and produce renin around the juxtaglomerular arterioles. These functions of renal pericytes add to the growing list of organ-specific pericyte functions, which include regulation of the blood-brain barrier in the central nervous system 188 and cardiomyogenesis in the heart 189 . Conversely, pericytes isolated from multiple organs, including the kidney, have the potential to give rise to MSCs in vitro 7, 11 . Although the ability of pericytes to mediate bona fide MSC activity in situ has been debated 190 , their potential to regene rate multiple cell lineages in vivo, including white adipocytes 191 , dental pulp 192 and skeletal myofibres 193 , has been documented. These findings raise the interesting possibility that pericytes could also participate in the turnover and regeneration of renal cell lineages.
Pericytes have multiple, distinct functions in cardiovascular development and homeostasis 1 and in multilineage tissue repair 193 , suggesting a considerable heterogeneity of the mural cell compartment. Moreover, pericyte subsets enriched in cardiomyogenic 159 , chondrogenic 194 and fibrogenic potential 4 have been identified. Renal pericytes are undoubtably also a heterogeneous cell population, and future studies of healthy and diseased kidney tissue using single-cell transcriptomic analysis 144 will likely highlight subsets with distinct phenotypes and functions that may be the result of their site of location within the kidney.
The renal vascular biology lexicon seems to be increasingly limited as the term 'pericyte' is used for a collection of cells located at the periphery of capillaries, venules and arterioles that differ in their morphology, marker expression and function. The generic term 'microvascular smooth muscle cell' cannot be used for these cells because some capillary-associated pericytes do not express αSMA 7 . Renin-producing pericytes around the juxtaglomerular arterioles likely also differ from periarteriolar pericytes in terms of their adhesion to endothelial cells, contractility and other biologic or physiologic traits, but such differences have not yet been documented.
Future studies need to utilize diverse experimental systems, including zebrafish models, to further dissect renal pericyte function in health, disease and regeneration. A deeper understanding of the beneficial and detri mental functions of renal pericytes may lead to novel therapies to promote and maintain vascular integrity, limit deleterious scarring and promote healing in the kidney. 
